I. INTRODUCTION
Low-pressure fluorocarbon plasmas are widely used in microelectronics fabrication for a variety of surface modification purposes. [1] [2] [3] [4] In particular, fluorocarbon plasmas are used for the etching of dielectric materials. The choice of the initial fluorocarbon gas in these plasmas is usually based on obtaining optimum ratios of fluxes of polymerizing radicals, material removing radicals and activating energetic ions. These parameters also determine the selectivity of etching one material compared to another. For example, selective etching of SiO 2 compared to Si in fluorocarbon plasmas usually results from the deposition of thicker polymer layers on Si relative to SiO 2 . The SiO 2 etch process consumes the CF x overlayer, thereby thinning the polymer, and allowing more efficient penetration of activating ion fluxes to the SiO 2 -polymer interface. Si being less reactive with the polymer, is overlaid with a thicker polymer which transmits fewer reactants and less activation energy. 5, 6 Subtle variations of these processes for different materials ͑e.g., etching of SiO 2 vs Si 3 N 4 ) have resulted in the use of a wide variety of fluorocarbon gases ͑e.g., CHF 3 , C 2 F 6 , and c-C 4 F 8 ) and numerous additives ͑e.g., O 2 , N 2 , CO, and Ar͒ to optimize the reactant fluxes and delivery of activation energy. 4, 7, 8 The use of some of these additives is the result of empirical parametrization. For example, addition of Ar can be used to regulate the ratios of polymerizing radical flux to ion flux. The use of O 2 regulates the thickness of the polymer by O atom etching of deposited layers. ditives were neglected in an attempt to simplify the mechanism. A strong correlation between the concentrations of fluorocarbon radicals and etch selectivity were observed.
A set of cross sections for electron collisions with c-C 4 F 8 based on a combination of calculations, beam measurements, and swarm analysis, and a reaction mechanism for fluorocarbon species were developed by Font and co-workers. 14 The mechanism was employed in a two-dimensional model for inductively coupled plasmas ͑ICPs͒. The authors validated their mechanism against experiments performed in the Gaseous Electronic Conference ͑GEC͒ reference cell. The model reproduced the major experimental trends observed by Hebner 18 by predicting that CF 2 ϩ and C 2 F 4 ϩ are the dominant positive ions and that F Ϫ is the dominant negative ion. Rauf and Ventzek performed a computational investigation of ICP discharges sustained in Ar/c-C 4 F 8 . 16 Good agreement was obtained with experiments performed in the GEC reference cell, and CF 2 was identified as the dominant CF x radical in c-C 4 F 8 discharges. The Ar/c-C 4 F 8 plasmas were found to be mildly electronegative, becoming more electropositive with an increase of Ar.
In this article we discuss results from a computational and experimental investigation of the plasma chemistry in ICPs sustained in c-C 4 F 8 , Ar/c-C 4 F 8 , O 2 /c-C 4 F 8 , and Ar/c-C 4 F 8 /O 2 /CO mixtures. The strategy we followed was to validate the model using measurements first made in ICPs separately sustained in Ar and O 2 , for which electron impact and heavy particle reactions are well known, and then in plasmas with more complex chemistry such as c-C 4 F 8 , Ar/c-C 4 F 8 and O 2 /c-C 4 F 8 . We found that ion saturation currents are significantly larger in Ar plasmas than in O 2 and c-C 4 F 8 plasmas for the same conditions. Consequently, the ion currents increase with the addition of Ar to c-C 4 F 8 , but weakly depend on the addition of O 2 to c-C 4 F 8 . Computational results also demonstrated that the ratio of light ion to heavy ion densities increases with power, especially for ICPs with permanent magnets, in agreement with experiments. The mechanism is sensitive to the branching ratios for dissociation of both feedstock gases and their fragments, and to charge exchange of Ar ϩ with fluorocarbon radicals. A brief description of the model is given in Sec. II and the reaction mechanism is discussed in Sec. III. A description of the experimental techniques and more extensive experimental results are in a companion paper, Part I. 19 The results of this investigation are discussed in Sec. IV. Concluding remarks are in Sec. V.
II. DESCRIPTION OF THE MODEL
The two-dimensional Hybrid Plasma Equipment Model ͑HPEM͒ used in this study was previously described in detail in Ref. 20 and references therein, and so only an outline will be given here. The HPEM consists of the Electromagnetic Module ͑EMM͒, the Electron Energy Transport Module ͑EETM͒, and Fluid-chemical Kinetics Module ͑FKM͒. The EMM solves Maxwell equations for radio frequency ͑rf͒ magnetic and electric fields using a frequency domain approach. Static magnetic fields are also computed in the EMM. When using static magnetic fields, the conductivities in Maxwell equations are tensors depending on these fields. The rf fields are transferred to the EETM where electron transport coefficients and source functions are obtained from electron energy distributions produced either by an electron Monte Carlo simulation or by solving the electron energy equation with transport coefficients obtained from a twoterm spherical harmonic expansion of Boltzmann equation. In this study, the energy equation was used in the vast majority of cases since the modeling of complex chemistry sustained, for example, in Ar/c-C 4 F 8 /O 2 /CO mixtures, is a large computational burden. The electron transport coefficients are transferred from the EETM to the FKM, which solves the continuity, momentum, and energy equations for neutral and charged species, and Poisson's equation for the electric potential. Flow was directly calculated by having flux sources at the gas inlet and flux sinks at the pump ports. The boundary conditions for pumping were specified assuming constant pressure and mass flow through the reactor. The modules are iterated until a converged solution is obtained.
The computed ion densities and temperatures in the HPEM were used to determine the net ion saturation current for comparison to experimental probe measurements. This current is defined as being proportional to the flux of ions crossing the surface area A p of a cylindrical probe 21 
Iϭ
where e is the base of natural logarithm, index j is for the summation over all positive ions. The terms q j , n j and v j are the charge, density and thermal velocity of the jth ion. .
͑3͒
The Debye length D depends on electron temperature T e and electron density n e :
where T e is in eV and n e is in cm
Ϫ3
. The ion saturation current determined by Eq. ͑1͒ is larger than the Langmuir current by the factor ͱ2T e /eT i due to the effective area of the pre-sheath, where ions are accelerated to the Bohm speed by the large ambipolar fields.
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III. REACTION MECHANISM
A reaction mechanism was developed for plasmas sustained in gas mixtures initially consisting of arbitrary mole fractions of Ar/c-C 4 F 8 /O 2 /CO. The limited electron impact cross-section data for the fluorocarbon species were collected and synthesized. Rate coefficients for gas phase chemistry were taken from independent studies in the literature or estimated from measurements for related species. Although this mechanism is intended for low-pressure plasma applications ͑Ͻ10s mTorr͒ it is likely valid to pressures exceeding many Torr. In general, our approach was to include only the major species which influence plasma properties and reactant fluxes in order to minimize computational time. Since the computational time is less sensitive to the number of reactions, our mechanism is more exhaustive in that regard. Special care was taken to avoid so-called terminal species which are produced but not consumed in the mechanism.
The species used in the model are given in Table I . All pertinent electron impact events which affect electron transport, such as elastic collisions, vibrational and electron excitations, are included in the EETM. Only those excited states which were judged to be significant to the plasma chemistry reaction mechanism were explicitly tracked in the FKM. For example, mass spectrometric studies have recently identified the presence of large fluorocarbon ions and neutrals in fluorocarbon plasmas, [23] [24] [25] [26] [27] and it was reported that these large fluorocarbon ions partially control film growth during plasma etching of silicon. 28 We therefore included large ions whose abundances were observed in these experiments in order to investigate their effects on surface reactions. On the other hand, the formation of precursors to dust particles, such as C x F y with xϾ4, yϾ8, was neglected as their formation is less likely in the pressure range of interest ͑р10s mTorr͒.
A. Electron impact reactions
Electron impact reactions for collisions with Ar, CO, O 2 , C, F x , CF x and C x F y and their fragments are listed in Table  II. 14,29-49 A schematic of the c-C 4 F 8 electron impact reaction mechanism is shown in Fig. 1 51 This ion is formed as a result of collisional relaxation of C 4 F 8 Ϫ * which is initially formed by electron capture. The lifetime of C 4 F 8 Ϫ * for autodetachment was measured as short as 10 s using time-of-flight mass spectrometry and longer than 200 s using an ion-cyclotron resonance method. 51, 52 We estimated the rate of this process as 2ϫ10 6 s Ϫ1 . Timeof-flight mass spectrometry and laser photodetachment measurements indicate that the major negative ion formed by dissociative attachment of c-C 4 F 8 is F
Ϫ . The concentrations of other branching to negative ions such as CF 3 Ϫ , C 2 F 3 Ϫ , C 3 F 5 Ϫ were observed to be lower and these branchings are not included in the model. 51, 53, 54 This is, however, an approximation which could be improved upon in subsequent work. The c-C 4 F 8 branching to F Ϫ is important for the conditions of interest since its cross section peaks at about 7 eV which is close to the mean energy of electrons in lowpressure c-C 4 F 8 plasmas.
Vibrational excitation is the most important c-C 4 F 8 inelastic process below about 10 eV. Based on cross sections derived from swarm data this cross section was analytically represented by
where a 0 ϭ6.513ϫ10 Ϫ14 eV 2 cm 2 and w j is the excitation threshold. ⌽ for vibrational excitation is
The values of f 0 , ␣, ␤, ⍀ were determined by fitting the cross section data to Eqs. ͑5͒ and ͑6͒ and they are listed in Table II 14 and Rauf and Ventzek, 16 we assumed that
is the major branching. This choice is consistent with data available for thermal and multiphoton dissociation of c-C 4 F 8 . 57, 58 Mass spectrometry measurements of Toyoda and co-workers 56 for electron impact dissociation of c-C 4 F 8 indicate minor branchings to CF, CF 2 , CF 3 , and C 3 F 5 . These processes were not included in the mechanism since their cross sections are at least an order magnitude less than the total dissociation cross section reported in Ref. 14 at energies below about 50 eV. Subsequent improvements to the model will include these branchings. The dissociation cross section for c-C 4 F 8 from Ref. 14 was analytically represented using Eq. ͑1͒ and ⌽ for dissociative collisions was 55 ⌽͑E,w ͒ϭlog 10 ͑ 4c͓E/w͔ϩe ͒. ͑8͒
The fitting parameters f 0 , ␣, ␤, c are listed in Table II . Due to the large ionization and neutral dissociation cross sections of c-C 4 F 8 one can expect an abundance of C 2 F 4 in c-C 4 F 8 plasmas. The important electron impact C 2 F 4 processes include elastic collisions, vibrational excitations, dissociation, and ionization whose cross sections are shown in Fig. 2 . The cross sections of these processes were largely obtained from Refs. 15 and 59. Attachment was neglected since its branching is believed to be negligibly small. 15 Vibrational excitation cross sections were analytically represented using Eq. ͑5͒ and the fitting parameters are listed in Table II . Since CF 2 is the most likely product channel in C 2 F 4 thermal dissociation reaction, we assumed that the major branching for electron impact dissociation of C 2 F 4 is 57 eϩC 2 F 4 →CF 2 ϩCF 2 ϩe. ͑9͒
Another possible branching for C 2 F 4 dissociation is eϩC 2 F 4 →CF 3 ϩCFϩe. ͑10͒
Although this channel was neglected in our initial reaction mechanism, parametric studies show that this is a critical reaction to refine the mechanism when additional experimental data became available.
B. Neutral heavy particle reactions
Neutral heavy particle reactions included in the mechanism are listed in Table III . A subset of the rate coefficients for reactions in Table III was estimated. A major class of such rate constants is for deactivation of Ar* by fluorocarbon radicals. A second class is for associative reactions of CF x radicals, FϩCF x ϩM→CF xϩ1 ϩM. As these latter reactions are not terribly important at the pressure of interest ͑Ͻ10s mTorr͒ uncertainty in their values is not critical. 4 1.8ϫ10 
C. Ion-neutral reactions
Ion-neutral reactions are listed in Table IV . These reactions were classified as exothermic reactions, which occur independent of ion energy, and endothermic reactions which typically have energy defects of a few eV. The exothermic processes include the vast majority of reactions which occur at all locations in the plasma. The endothermic reactions mostly occur in the sheath, where ions are accelerated to energies in excess of the energy defect. Since for our conditions the sheath is essentially collisionless, these latter processes were neglected. Ion-molecule reactions with many fluorocarbon feedstock gases and their fragments are often dissociative. For example, Ar ϩ has an ionization potential 15.8 eV sufficient to produce dissociative ionization of c-C 4 F 8 having a threshold of 11.5 eV. The probability of dissociative ionization between Ar ϩ and CF 2 is likely to be small as CF 2 has a dissociative ionization potential of about 14 eV.
D. Ion-ion and electron-ion reactions
The rate constants of electron-ion and ion-ion reactions are listed in Table V . These reactions are important as they determine the importance of volumetric loss of ions compared to diffusion to the walls. Since negative ions are generally lost only in the volume, these rates directly determine the negative ion density. The major class of estimated reactions here is ion-ion neutralization reactions. Neither products of recombination nor reaction rates of these reactions are typically known. These reactions are fast as typical rate constants are 10 Ϫ7 cm 3 s Ϫ1 . We estimated the rates of these reactions to be smaller for heavy ions and larger for lighter ions as the rate coefficient approximately scales as
, where is the reduced mass of colliding ions. 60, 61 Another important class of estimated reactions is dissociative electron-ion recombination, whose rate coefficient is typically in the range of 10 Ϫ7 /T e 1/2 cm 3 s Ϫ1 , where T e is in eV.
E. Surface reactions
We acknowledge that the dispositions of surface reactions are critical to the development of a successful reaction mechanism for the low-pressure plasmas of interest. In this work, we have employed a simple surface reaction mechanism in which all ions neutralize, returning to the plasma as their neutral counterparts and small radicals stick or react with probabilities of 0.01 for CF 2 and CF 3 to as large as 0.5 for F. This mechanism was not optimized nor parametrized to obtain better agreement with experiments, and so represents a point of departure for further studies. An exhaustive report on the investigation of surface reaction mechanisms in fluorocarbon plasmas, including c-C 4 F 8 , will be discussed in an upcoming publication.
IV. SPATIALLY RESOLVED PLASMA PROPERTIES, ION SATURATION CURRENTS, AND ION SPECTRA
A schematic of the reactor used in this study is shown in Fig. 3 . The ICP was produced in a cylindrically symmetric chamber ͑13 cm in radius and 12 cm tall͒ using a three-turn antenna set atop a quartz window 1 cm thick. Gas was injected through the inlet below the dielectric window and was pumped out from the bottom of the reactor. A metal ring with or without permanent magnets was used to confine the plasma. Details of the reactor configuration are discussed in Paper I. 19 Plasma properties in an ICP sustained in an Ar/c-C 4 F 8 /CO/O 2 ϭ60/5/25/10 mixture for the base case conditions ͑10 mTorr, 600 W, 13.56 MHz, 20 sccm͒ are shown in Fig. 4 . This gas mixture was chosen as being representative of typical process conditions for fluorocarbon plasma etching of SiO 2 . The peak electron density of 1.6 ϫ10 11 cm Ϫ3 results from the drift of thermal electrons towards the peak of the plasma potential of 15 eV in the middle of reactor. The peak electron temperature of 4.3 eV occurs in the middle of electromagnetic skin layer ͑2 cm for the base case conditions͒ where the power deposition peaks. The electron temperature is lower in the bulk plasma where electrons expend energy in inelastic collisions with neutrals. Ar ϩ is the dominant ion for these conditions. Approaching the substrate, ͓Ar ϩ ͔ is more uniformly distributed in space than in the middle of reactor where the density of positive ions follows that of negative ions, as discussed below. The effective temperature of Ar ϩ , which is the sum of thermal and directed energies, is above 1 eV near the walls where ions are accelerated by the pre-sheath electric field and below 0.1 eV in the middle of the reactor as a result of ionneutral elastic and charge exchange collisions.
͓CF
ϩ ͔, ͓CF 2 ϩ ͔, ͓C 2 F 4 ϩ ͔, and ͓F Ϫ ͔, which represent the major fluorocarbon positive and negative ions are shown in Fig. 5 . The dominant negative ion F Ϫ has its highest density of 8.5ϫ10
10 cm Ϫ3 near the edge of skin layer where the dissociative attachment process and plasma potential peak. Positive ions are more uniformly distributed in space near the wafer than in the middle of reactor where by charge neutrality requirements they follow the density profile of negative ions. For these conditions, the concentrations of heavy positive ions are larger than or commensurate with those of light positive ions. For example, ͓C 2 F 4 ϩ ͔ peaks at 3ϫ10 10 cm Ϫ3 , whereas ͓CF ϩ ͔ and ͓CF 2 ϩ ͔ peak at 2.2 ϫ10 10 and 2.8ϫ10 10 cm Ϫ3 , respectively. We found that the ratio of heavy ion densities to light ion densities is sensitive to both the branching ratios for neutral dissociation and the rates of charge exchange reactions of fluorocarbon neutral ϩ being an order of magnitude larger than the concentration of light ions such as CF ϩ , CF 2 ϩ , and CF 3 ϩ . As these reactions are energetically allowed and so likely, we included them with estimated rate coefficients. The final disposition of the reaction mechanism requires resolution of the cracking pattern of c-C 4 F 8 and C 2 F 4 , which in large part determines the proportion of CF x radicals, and the relative importance of these charge exchange events.
The distributions of positive ions in part reflect their formation channels. For example, the peak density of CF 2 ϩ is shifted towards the top of the reactor where its source function by electron impact is largest. The CF 2 ϩ density is rapidly depleted by charge exchange reactions with c-C 4 F 8 and C 2 F 4 and so does not survive to drift to the peak of plasma potential. C 2 F 4 ϩ , a species which due its low ionization potential is largely consumed in the volume by electron-ion recombination or ion-ion neutralization, survives to drift to the peak of the plasma potential. We also found that plasma properties in the center of the reactor, where electron and dominant positive ion densities peak, are sensitive to the rate of the autodetachment of C 4 F 8 Ϫ * C 4 F 8 Ϫ *→C 4 F 8 ϩe.
͑15͒
For example, if the rate of this autodetachment reaction is Ͻ10 6 s Ϫ1 a large peak of ͓C 4 F 8 Ϫ *͔ occurs in the center of the reactor at the maximum of the plasma potential, a situation which we judged as being unphysical. As the highly peaked spatial profile of C 4 F 8 Ϫ * is partially due to the low mobility of C 4 F 8 Ϫ * , the peak of ͓C 4 F 8 Ϫ *͔ could perhaps be reduced by including charge exchange reactions of C 4 F 8 Ϫ *
with the light fluorocarbon ions, which have higher mobility and, consequently, are distributed more uniformly over the plasma area. However, the rates of such reactions are unknown and are difficult to estimate. Our rate of autodetachment was chosen rapid enough to avoid highly peaked distributions of ͓C 4 F 8 Ϫ *͔. The peak of ͓C 4 F 8 Ϫ *͔ weakly depends on the stabilization reaction
as even with a rate coefficient of 10 Ϫ10 cm 3 s Ϫ1 its net rate of stabilization is small. Also, this reaction does not greatly affect the distortion of plasma properties as the mobility of C 4 F 8 Ϫ is likely to be similar to that of C 4 F 8 Ϫ * .
͓C 4 F 8 ͔, ͓CF 2 ͔, ͓C 2 F 4 ͔, and ͓F͔, which represent the dominant heavy and light fluorocarbon neutral species, are shown in Fig. 6 . ͓C 4 F 8 ͔ has a maximum at the inlet nozzle and a minimum at the edge of skin layer where c-C 4 F 8 dissociates into C 2 F 4 , thereby producing a peak in ͓C 2 F 4 ͔ of 1.1ϫ10 13 cm Ϫ3 . ͓C 2 F 4 ͔ also has a large source at the walls due to the recombination of the abundant C 2 F 4 ϩ fluxes. ͓CF 2 ͔ peaks near the edge of the skin layer at 1.7ϫ10 13 cm Ϫ3 as a consequence of C 2 F 4 dissociation. It also has both sinks ͑due to the deposition͒ and sources ͑due to the recombination of CF 2 ϩ ) at the walls. ͓CF 2 ͔ and ͓C 2 F 4 ͔ decrease with distance from the coils as a result of decreased dissociation of c-C 4 F 8 and depletion by gas flow out of the reactor through the annulus between the substrate and confinement ring. The sourcing of CF 2 and C 2 F 4 by recombination of their ions on surfaces exceeds their depletion by pumping through the annulus. There is a substantial recirculation of CF 2 and C 2 F 4 from the volume to surfaces and back by this mechanism. F, being less reactive on walls and having a small ion density, is lost dominantly by pumping, and so ͓F͔ monotonically decreases from the center of the reactor to the pump port.
The model was validated by comparing calculated and measured ion saturation currents for ICPs sustained in Ar, O 2 , Ar/c-C 4 F 8 , and O 2 /c-C 4 F 8 with and without static magnetic fields. ͑The static magnetic fields are produced by the magnets shown in Fig. 3͑b͒ .͒ Calculated ion probe currents for ICPs sustained in Ar with magnets are compared to experiments in Fig. 7 for 10 and 1 kW, and probe voltages of Ϫ100 to 0 V. The probe was located on axis, Ϸ1 cm from the substrate. The experimental ion current was obtained by subtracting out electron current from the total probe current, whereas ion current from the model was computed using Eq. ͑1͒. The ion saturation currents are sensitive to probe voltage due to the finite ratio of the sheath thickness to the probe radius. The ion currents approach their saturation values with decreasing ͑more negative͒ probe voltage, and the ion currents increase with power deposition as the plasma density increases. In general, the agreement between calculations and experiments is better at more negative probe voltages. These trends most likely result from two causes. First, the probe theory is more accurate for more negative probe voltages. Second, the location of the probe is within the presheath where the ion velocity distribution is anisotropic due to acceleration by the ambipolar electric field. The probe theory assumes an isotropic velocity distribution which, on the average, overestimates the probe area. These differences become less important at larger probe voltages. Consequently, we chose the probe collecting voltage to be Ϫ100 V for further comparisons and refer to this value as I s .
I s as a function of power for ICPs with and without magnets sustained in 10 mTorr of Ar, O 2 , and c-C 4 F 8 are shown in Fig. 8 . The agreement between experiments and calculations is favorable. Over the range of power investigated here, the ion saturation currents are nearly linearly proportional to power, indicating a nearly linear increase in ion densities. I s is proportional to the sum of the total contribution of the fluxes of positive ions which in turn depends on the mole fraction of ions having different thermal speeds. As the speeds of heavy ions are typically lower than those of light ions due to both mass and temperature, I s is rather sensitive to the mole fraction of light ions.
I s is generally larger with magnets as both the rate of loss of electrons and the loss rates of light positive ions on the wall decrease due to the reduction in cross field mobility. This latter effect is only important in the periphery of the plasma where the magnetic field is large. Larger proportional increases in I s are seen in O 2 and c-C 4 F 8 plasmas compared to Ar plasmas. The largest and the smallest ion saturation currents at any constant power are obtained in Ar and c-C 4 F 8 , respectively. Magnetic confinement at 1 kW produces 5%-10% increases in I s in Ar, whereas these increases are 30%-70% in O 2 , and 80%-90% in c-C 4 F 8 .
The increases in I s with magnets are, in part, due to both a net reactor averaged increase in the ion densities and a redistribution of the ion densities due to power deposition extending deeper into the plasma. For example, the plasma density is more uniform ͑less peaked in the center of the plasma͒ with magnets reflecting a flattening of the plasma potential ͑see Fig. 15 of Paper I. 19 ͒. These effects are less severe in Ar, thereby producing a less dramatic difference in I s with and without magnets.
I s in ICPs sustained in c-C 4 F 8 with and without magnets as a function of pressure is shown in Fig. 9 . Ion fluxes decrease with increasing pressure as the higher collisionality dissipates a constant power with a lower electron density. The effects of magnetic confinement are, on a fractional basis, nearly constant over this pressure range. The enhancement to ion fluxes is 1.4 -1.6, somewhat higher at lower pressures. The Larmor radii of ions for magnetic field of 100 G are a few cm and commensurate with ion mean free paths. Confinement is in large part a result of a decreased ambipolar electric field as a consequence of the decreased electron mobility. To the degree that the electrons are more collisional at the higher pressures, the consequences of magnetic confinement can be expected to be smaller at higher pressure, though not significantly so for the range of pressures investigated here. Although the predicted I s for pure Ar and c-C 4 F 8 separately agree well with experiments, the values for intermediate gas mixtures are less well captured. Some of this disparity may be attributed to uncertainty in the location of the probe as shown in Fig. 10 . The majority of the disparity is likely due to a synergistic affect between Ar and c-C 4 F 8 which has not been well captured in the present reaction mechanism. We parametrized rate coefficients for Penning and dissociative excitation transfer involving Ar*, and charge exchange reactions involving Ar ϩ over the range of physical realizable values without obtaining significantly better agreement. A likely source of error is the disparities of surface reactions which feed back products to the plasma. These reactions may, for example, be catalyzed more efficiently by either Ar ϩ or C n F m ϩ . The plasma composition was also investigated based on calculated and measured ion fluxes sampled near the edge of the substrate at the location shown in Fig. 3͑a͒ . Relative fluxes of ion species for c-C 4 F 8 plasmas with and without magnets are given in with calculations obtained using two different branching ratios for C 2 F 4 electron impact dissociation given by reactions in Eqs. ͑9͒ and ͑10͒. In both cases, the model predicts the same set of dominant ions as observed in experiments. Without magnets, experiments confirm the computationally observed abundance of ͓C 2 F 4 ϩ ͔ which supports the assumption for the initial electron impact dissociation channel branching of c-C 4 F 8 being C 2 F 4 ϩC 2 F 4 . The computed ͓CF 2 ϩ ͔/͓CF ϩ ͔ and ͓CF 3 ϩ ͔/͓CF ϩ ͔ are in better agreement with experiments if the branching ratio for C 2 F 4 dissociation is split equally between the reactions in Eqs. ͑9͒ and ͑10͒ implying that the branching ratios for the dissociation of C 2 F 4 are critical to the reaction mechanism. With magnets the ratio of the heavy to light ion flux decreases due to a higher degree of dissociation, however we do not capture the increases observed experimentally. For example, the model predicts a 20%-30% decrease of ͓C 2 F 4 ϩ ͔/͓CF ϩ ͔, whereas experiments show an order of magnitude decrease of ͓C 2 F 4 ϩ ͔/͓CF ϩ ͔. The branching ratios for C 2 F 4 electron impact dissociation significantly affect the fluxes of the dominant fluorocarbon ions incident onto the substrate as shown in Fig. 11 . Without the branching of C 2 F 4 to CF 3 and CF, CF 2 ϩ has the largest flux to the substrate as a consequence of the resulting larger density of CF 2 and CF 2 ϩ . The flux of CF 2 ϩ is lower than the fluxes of CF 3 ϩ and CF ϩ if the branching to CF 3 ϩCF has the same likelihood as to CF 2 ϩCF 2 . Consequently, the branching ratios for dissociative excitation of C 2 F 4 are critical to the reaction mechanism.
Relative fluxes of ion species at the edge of the wafer for Ar/c-C 4 F 8 ϭ90/10 plasmas with and without magnets are given in Table VII The densities of the dominant light and heavy fluorocarbon ions and electron density as a function of power in c-C 4 F 8 plasmas with and without magnets at the probe location are shown in Fig. 12 . Without magnets the densities of CF ϩ , CF 2 ϩ , CF 3 ϩ , and ͓e͔ proportionally increase with power as a consequence of increased ionization and dissociation rates. ͓C 2 F 4 ϩ ͔ initially increases with power and then remains constant for powers above 800 W. These results imply that ͓C 2 F 4 ͔ and ͓C 4 F 8 ͔ decrease with power as C 2 F 4 ϩ is dominantly produced by electron impact ionization of C 2 F 4 and C 4 With magnets ͓CF ϩ ͔ increases more rapidly with power than ͓CF 2 ϩ ͔ and ͓CF 3 ϩ ͔ due to the greater degree of fragmentation of the feedstock. ͓C 2 F 4 ϩ ͔ decreases as power increases confirming that ͓C 4 F 8 ͔ and ͓C 2 F 4 ͔ effectively dissociate into smaller fluorocarbon radicals for ICPs with magnets. T e rapidly increases with power in both cases. This is attributed to the CF x species which are formed in c-C 4 F 8 plasmas as a result of dissociation and whose efficiencies for ionization are typically smaller than that of c-C 4 F 8 . T e increases more rapidly for ICPs with magnets as dissociation in such a system is more efficient.
Recall that probe and mass spectroscopy usually measure fluxes of ions ͑or radicals͒ which must be corrected for collection speed to obtain densities. Small fluxes of heavy fluorocarbon ions do not necessarily imply that their densities are equally small in the gas phase. Assuming equal temperatures ͑lighter ions usually have larger temperatures͒ fluxes generally scale inversely with M Ϫ1/2 and so the density of heavy ions ͑e.g., C 2 F 4 ϩ vs CF ϩ ) relative to light ions can be a factor of 2 larger than indicated by their fluxes.
The density of the dominant fluorocarbon ions, ͓Ar ϩ ͔, and ͓e͔ as a function of Ar and O 2 fractions in Ar/c-C 4 F 8 and O 2 /c-C 4 F 8 plasmas is shown in Fig. 13 . Initially, the electron density remains almost constant and the densities of fluorocarbon ions only slightly decrease as the fraction of Ar increases implying that dissociation and ionization rates of fluorocarbons are not significantly affected by small changes in Ar fraction. The proportion of power that is channeled into Ar is small. Electrons preferentially expend their energies on the dissociation and ionization of fluorocarbons as the thresholds of these processes are a few eV lower than the Ar ionization threshold. ͓Ar ϩ ͔ is about the same as the densities of the dominant fluorocarbon ions when the Ar fraction reaches 40%. At larger Ar fractions, the densities of fluorocarbon ions decrease and ͓e͔ and ͓Ar ϩ ͔ rapidly increase as the fraction of power dissipated in the electron impact ionization collisions with Ar becomes significant. T e decreases from 4.8 to 4.3 eV with increased Ar fraction as ionization processes are more efficient in Ar plasma than in highly dissociated c-C 4 F 8 plasma.
The electron density and densities of fluorocarbon ions weakly depend on the fraction of O 2 in O 2 /c-C 4 F 8 plasmas as electrons preferably ionize and dissociate fluorocarbon species due to their ionization and dissociation thresholds being lower than those of O 2 . Consequently, ͓O 2 ϩ ͔ and ͓O ϩ ͔ exceed the density of fluorocarbon ions only for O 2 fractions Ͼ0. 9 . T e decreases with increased O 2 fraction as ionization processes are more efficient in O 2 compared to c-C 4 F 8 .
V. CONCLUDING REMARKS
A reaction mechanism involving electron impact and heavy particle reactions for low-pressure and lowtemperature plasmas sustained in mixtures initially consisting of Ar/c-C 4 
